Abstract. FEA simulations have been successfully applied to various sheet metal forming processes to predict formability issues such as fractures, wrinkles, and thinnout; however, they have not achieved the same level of success in the springback predictions. As the former mainly dealt with stretch and the latter with bending, we contemplated that a fundamental underlying problem in the FEA springback predictability may lie with the thin shell theory, as it allows the thickness stress to be neglected and only uses an in-plane stretch and shear to balance the out-of-plane loads. A study was conducted to investigate the problem with channel draw test. Two steels, DP590 and HSLA350, were formed and simulated with same set of tooling and process conditions except for two different drawbead setups, i.e. with and without drawbead restraining force. Two different deformation modes, stretch bending and bending, were produced as a result. The testing and FEA results showed that the FEA simulation could not properly and accurately predict the bending strains. Also, it tended to underpredict the bending deformation while overpredicting the stretch. These findings proved that the inability of thin shell element to predict the bending strain is a major cause for the problematic and inaccurate FEA springback simulations. In order to correctly solve the springback problem with FEA simulations, the thin shell element formulations must be improved to include through thickness stress.
INTRODUCTION
In recent years, FEA simulations have been routinely used by the sheet metal forming industry to examine the feasibility of a product design and the suitability of a forming process. FEA simulations have achieved great successes in formability predictions (wrinkles, thinning, fractures, etc.) reducing the cost and turn-around time associated with tooling tryout, and optimizing the forming processes for various parts. In many companies, FEA simulation has become a critical and necessary component in the product development and manufacturing process.
FEA simulation has yet to achieve the same success in the predictions of shape deviation due to the effects of springback. In a stamping operation, the part generally changes its shape after being taken out of the tooling. The shape change of a stamped part after the removal of forming loads is frequently but inaccurately called "springback".
Springback is one of the major causes of shape deviation, and is caused by the change in forming strains that result from the elastic recovery of the material upon removal of external forces imposed on the part by the press tools. Springback exists in all sheet metal components to varying degrees, but becomes particularly troublesome when the part is formed through a bending operation. Different from the formability analyses that are primarily focused on the thinning of some localized areas of a part, springback is determined by the global stress distributions over the entire part and, inherently, is more complicated [1] .
Advanced High Strength Steel (AHSS) is becoming increasingly popular in the global automotive steel marketplace due to its increased strength, which enables the material to be downgauged for significant weight savings. Because of higher strength, AHSS springback problems are magnified. In order to improve the FEA springback predictability for AHSS, a great amount of effort has been expended in recent years to investigate various aspects of the springback problem. Examples include, but are by no means restricted to, new code development, the modification of material models, improvement of the contact algorithm, and optimization of the simulation techniques, etc. Although no breakthrough has been made for us to solve the problem, these efforts have significantly improved our understanding of the problem.
In search of the root causes for the problem of inaccurate and inconsistent springback prediction, we have noticed the following facts. FEA formability analyses have shown some remarkable successes with regards to the predictions of thinning and splitting due to excessive stretching; however, FEA engineers are still struggling with the inaccurate and inconsistent FEA springback predictions caused by bending. Considering the fundamentals of thin shell theory used in element formulations, we have to ask the question: Is it solely a coincidence or is it an inevitable result?
DESIGN OF EXPERIMENT
Springback is an important cause of the shape deviation; however, not all the shape deviations are caused by the springback. For instance, the twist induced by an uneven material flow in forming would change the part shape. Another type of shape deviation is related to the intrinsic geometry properties in the surfaces of a part. For example, forming a flange along a curve on a surface will change the surface curvature. Since most of the automotive stampings currently in production are complicated 3D shapes, the total shape deviation of the part is usually a combination of the effect of all these factors and the interactions of these factors with one another. Springback, twist, and geometry constraint are different factors that contribute to the total shape deviation [2] . They have different causes and require different solutions. In order to study the FEA springback predictability, we want to differentiate the effects of these factors, and examine an individual factor in its simplest form.
As a part of shape deviation, springback is largely determined by the part geometry and process conditions; however, materials have a considerable influence on the springback as well. Generally speaking, springback increases with the strength of the steel, so the higher the strength of the steel, the greater the springback. Different steels have some distinctive properties that may also be reflected in their springback behaviors. Dual Phase (DP) steel has a higher work hardening rate in the lower strain range, and it experiences increased springback when compared to the conventional steel of similar yielding strength.
As indicated above, the fundamental underlying problem in FEA springback predictability may be the thin shell theory, which is the foundation of all major FEA software used in sheet metal forming simulations. In the classical thin shell theory, the thickness stress is neglected, and an out-of-plane load applied to a shell is balanced primarily by the in-plane stretch and shear. Although the bending effect was incorporated into the shell element later on, it has never been able to deal with the large curvature-bending problem accurately.
Thus, we would like to design an experiment to examine the behaviors of thin shell elements in "stretch" and "bending" deformation modes, and to determine the relationship of these behaviors to FEA springback predictability. Our intention with this experiment was to clearly define the problem with the thin shell theory before we can solve it.
Channel Draw Test and Measurement
The channel draw test was selected for our study because it provided us a means to study the springback without any influence of twist or geometry constraint. In a channel draw test, the samples are formed under a plane strain bending condition. An imposed stretch can be added to the test through the use of a drawbead restraining force. A schematic of channel draw test is shown in Figure 1 . Actually, it was selected as a benchmark problem for NUMISHEET'93 to study the springback and curl when FEA springback simulation was in its infancy [3] . The channel draw die set used in our experiments is comprised of a punch block, two die blocks, upper and lower binders, and two sets of drawbeads installed on the binders. The 6.0mm punch and die radii were held as constants in the experiment. Two sets of half round drawbeads with 9.0mm radii were used to create a stretch in the samples. The other testing condition for bending only was created using no drawbead. The gaps between the punch and die were 1.1 times the metal thickness. The gap between the male and female drawbead was set to the metal thickness plus 0.05mm. To ensure that the restraining force was derived only from the bending and reverse-bending of the material through the drawbead, a standoff was employed to set a gap between the upper and lower binders to metal thickness plus 0.05mm. For each lot of steel, the gaps were checked with lead wire and adjusted to the proper setting before a test. A pressure plate was used to prevent any lateral movement of the material during forming process.
The experiment was conducted on a 50 Ton computer-controlled hydraulic laboratory press. A constant punch speed of 85 mm/second was used. The draw depth of the channel was 101.6 mm. The drawbeads were positioned to ensure that no material passing through the drawbeads would get into the sample sidewalls. All samples were 508 mm long and 101.6mm wide and were cut in the transverse direction of the coil. A lubricant, FERROCOTE 61 MAL HCL1, was applied evenly by a paintbrush to the entire surface of both sides of a sample. All testing was programmed into the computer and carried out automatically to minimize experiment variations.
A cross section view of a scanned channel draw sample is shown in Figure 2 . Because the effect of anticlastic curvature was found to be negligible, a 2D cross section curve was used in the springback measurement. In the current study, the opening angle and the sidewall curl were the only two parameters used to characterize the springback behavior of a channel draw sample. The opening angle at the die entry radius and the flange curl were not included. The opening angle and sidewall curl can vary independently, as bending the material around the punch radius causes the former and pulling the sample through the die radius generates the latter. In addition to the differences in physical causes, the opening angle and the sidewall curl are created through different deformation processes. The opening angle is caused by bending only, while the sidewall curl is formed by bending and unbending. In both cases, there is no bending and reverse bending involved. The effect of reverse yielding is considered limited.
FIGURE 2. Opening Angle and Sidewall Curl
Measurements of a Channel Draw Sample
In addition to the springback measurements and the scans of the part geometry, the thickness strain was measured along the centerline of a sample from the center of its flat bottom up to the point where its sidewall intersects with flange. The strains were measured at several locations on the centerline about 2.5 mm apart. An ultrasonic thickness gauge, Krautkramer Branson CL3, was used for this task. For each of the two deformation modes (bending and stretch), three samples were measured. The final result of thickness strain distribution for each deformation mode was constructed with the averages of the measurements from the three samples.
FEA Model and Simulations
The model used in the FEA simulations is shown in Figure 3 . Because of the symmetry of the problem, a half model of the tooling and sample could be used to reduce the computation time. The FEA simulations were performed in exactly the same manner as the testing was conducted.
FIGURE 3. FEA Model
To minimize the partiality in FEA springback predictions, two widely used FEA software, LS-DYNA and OPTRIS, were used in this study. Because of the limited reverse yielding effect, the material model of Hill's yield criterion (1949) and isotropic hardening were employed. The true stress-strain curves obtained from the tensile tests for the same materials used in the experiment were input into the simulation to define the material properties. There were five integration points throughout the metal thickness. The penalty method was used for contact treatment. To reduce the element penetration at tooling radii, an initial shell element of 2mm was used with four levels of adaptive mesh to have enough elements covering the punch and die radii. A friction coefficient of 0.075 was used to replicate the conditions of fully lubricated samples. For LS-DYNA, the explicit code was used in forming simulations followed by an implicit code for springback predictions. For OPTRIS, the forming and springback simulations were both conducted with an explicit code by using dynamicrelaxation for springback.
Two lots of steel, DP590 and HSLA350, were compared in the experiments and the FEA simulations.
The mechanical properties are listed in Table 1 . The stress-strain curves used in the FEA simulations are shown in Figure 4 . With metal gauges of 1.6 mm, the R/t (tooling radius / metal thickness) ratio is close to 3.8. The experiment, therefore, is considered a large curvature bending, according to Hill's theory [4] .
FIGURE 4. Stress-Strain Curves Used in FEA Simulations

RESULTS AND ANALYSIS
A comparison of the cross sections of the testing samples and FEA springback predictions for DP590 formed with a drawbead is shown in Figure 5 . The scan results of the three samples are shown in yellow. The springback prediction by LS-DYNA is in red while the prediction by OPTRIS is in green. It is seen that both FEA codes were not able to correctly predict the springback; however, OPTRIS seemed to have a better prediction of sidewall curl than had LS-DYNA in this particular case.
FIGURE 5. Comparison of Cross Sections for DP590
Formed with Drawbead
The thickness strain distributions are compared in Figure 6 . The vertical axis is the engineering thickness strain, while the horizontal axis is the distance from where the strain was measured to the center of the sample. The thickness strain distribution consists of strains in three areas on the sample: the flat bottom, the die entry radius and the vertical sidewall. The FEA simulations did seem to predict the strains well, although, as described earlier, they were not able to accurately predict the springback and curl. Contrary to Figure 5 , LS-DYNA seemed to have done a better job in predicting the thickness strain. The large oscillations in the strains predicted by OPTRIS are unrealistic and they are artificially introduced by the dynamic effect in FEA simulations.
The reasons for this discrepancy may be found in the coarsening (de-adaptive mesh) operation, as a coarsening operation would normally smooth out the peaks and valleys in the strains and stresses. With more uniformly distributed strains and stresses, the shape deviation predicted by a springback simulation would be lower. The results of the LS-DYNA forming simulations were all coarsened prior to springback simulations, while the OPTRIS forming simulations were not coarsened prior to the springback calculation. This probably explains why the LS-DYNA predicted less sidewall curl than OPTRIS In Figure 7 , the FEA springback predictions for DP590 without a drawbead are compared with the experimental results. It is seen that, in this case, not only did the FEA springback predictions not match the experimental results, but the differences between the experimental results and the FEA springback predictions were increased as well.
FIGURE 7. Comparison of Cross Sections for DP590
Formed without Drawbead
By looking at the comparisons of thickness strain distributions in Figure 8 , we found that the FEA simulation results were significantly smaller than the experimental measurements. It predicted little or nothing for the thinning in the sidewall area that was produced by bending and unbending the sample around a small radius. The thinning predicted by LS-DYNA was close to zero, but with more fluctuations in sidewall area than OPTRIS. LS-DYNA did, however, show a slightly better result than OPTRIS for the cross section in Figure 7 . Again, the discrepancy in the surface geometries produced by the FEA simulations was not produced by a better prediction, but rather a result of the fluctuations and oscillations in strain and stress distributions artificially introduced by FEA software.
FIGURE 8. Comparison of Thickness Strain for DP590
Formed without Drawbead Therefore, it is misleading to judge the simulation results by comparing shape deviations only without any consideration of the strain and stress distributions. It was also problematic for a parametric study to rank different parameters used in an FEA simulation solely on the basis of their effects on the shape deviations. The most interesting finding in our study is that in both cases, that FEA simulation consistently did a better job of prediction for samples formed with stretches than those formed without stretches. In particular, the FEA simulation predicted the thinning well for the former. That is in agreement with our experiences as far as formability analyses goes. In a bending and bending-unbending situation, however, the FEA simulation was not accurate and not even close to the actual experimental results. As this was true even for steels with different properties, we considered that the finding was not to be materialdependent. We come to the conclusion that the inability of thin shell elements to accurately predict the bending deformation is a major cause of problematic FEA springback predictability. In order to correctly solve the springback problems with FEA simulation, we must improve the thin shell element formulations to include the through thickness stress.
It should be pointed out that FEA simulations had predicted sufficient strains for bending under tension but significantly lower strains for bending. The strains for stretch must be overpredicted in order to make up the difference caused by underpredicted bending.
CONCLUSIONS
In summary, we have the following main findings in this study:
• The inability of existing FEA software to accurately predict the large curvature-bending deformation is a major cause of the problematic FEA springback predictions; • Current thin shell theory based FEA forming simulations tend to overpredict the stretch deformation but underpredict the bending deformation; • The simulation results of shape deviation alone should not be used to evaluate FEA springback predictability as the results may be tainted by some unexpected problems, such as the numerical errors.
In general, it is known that the thin shell element is insufficient for a 3D problem. But here we have used experiments and FEA simulations to pinpoint the behavior differences of the thin shell element under a "stretch" or "bending" condition and clearly linked it to the problematic FEA springback predictability.
